The early Drosophila embryo is emerging as a premiere model system for the computational analysis of gene regulation in development because most of the genes, and many of the associated regulatory DNAs, that control segmentation and gastrulation are known [1] [2] [3] [4] [5] . The comprehensive elucidation of Drosophila gene networks provides an unprecedented opportunity to apply quantitative models to metazoan enhancers that govern complex patterns of gene expression during development [6] [7] [8] [9] [10] [11] . Models based on the fractional occupancy of defined DNA binding sites have been used to describe the regulation of the lac operon in E. coli and the lysis/lysogeny switch of phage lambda [12] [13] [14] [15] . Here, we apply similar models to enhancers regulated by the Dorsal gradient in the ventral neurogenic ectoderm (vNE) of the early Drosophila embryo. Quantitative models based on the fractional occupancy of Dorsal, Twist, and Snail binding sites raise the possibility that cooperative interactions among these regulatory proteins mediate subtle differences in the vNE expression patterns. Variations in cooperativity may be attributed to differences in the detailed linkage of Dorsal, Twist, and Snail binding sites in vNE enhancers. We propose that binding site occupancy is the key rate-limiting step for establishing localized patterns of gene expression in the early Drosophila embryo.
Summary
The early Drosophila embryo is emerging as a premiere model system for the computational analysis of gene regulation in development because most of the genes, and many of the associated regulatory DNAs, that control segmentation and gastrulation are known [1] [2] [3] [4] [5] . The comprehensive elucidation of Drosophila gene networks provides an unprecedented opportunity to apply quantitative models to metazoan enhancers that govern complex patterns of gene expression during development [6] [7] [8] [9] [10] [11] . Models based on the fractional occupancy of defined DNA binding sites have been used to describe the regulation of the lac operon in E. coli and the lysis/lysogeny switch of phage lambda [12] [13] [14] [15] . Here, we apply similar models to enhancers regulated by the Dorsal gradient in the ventral neurogenic ectoderm (vNE) of the early Drosophila embryo. Quantitative models based on the fractional occupancy of Dorsal, Twist, and Snail binding sites raise the possibility that cooperative interactions among these regulatory proteins mediate subtle differences in the vNE expression patterns. Variations in cooperativity may be attributed to differences in the detailed linkage of Dorsal, Twist, and Snail binding sites in vNE enhancers. We propose that binding site occupancy is the key rate-limiting step for establishing localized patterns of gene expression in the early Drosophila embryo.
Results and Discussion

Arrangement of Dorsal and Twist Sites Is Critical for vNE Enhancer Function
Enhancers associated with the rho, vn, and vnd genes ( Figure 1D ) direct localized expression in ventral regions of the neurogenic ectoderm (vNE) [16, 17] . vNE enhancers are activated by the combination of Dorsal and Twist, but repressed by Snail in the ventral mesoderm. All three vNE enhancers contain conserved arrangements of Dorsal (Dl) and overlapping Twist (Twi)/ Snail (Sna) binding sites (''DTS'' composite elements, see Tables S1 and S3 , as well as Figure S2 , in the Supplemental Data available online). The composite Twi/ Sna site ''points toward'' the closely linked Dl site. These sites are essential for gene regulation [e.g., 17]; for example, point mutations that eliminate the core Dl consensus sequence in the rho DTS cause a severe loss in vNE activity [18] . However, it is unclear whether the exact arrangement of sites is also important for gene expression.
To assess the importance of DTS organization for vNE activity, we inverted the orientation of the composite Twi/Sna site within the vn DTS ( Figure 1C ). According to the results of SELEX assays (see Table S3 ), this inversion should not alter the binding affinity because the modified sequence still conforms to an optimal binding site, though on the opposite strand. However, the modified vn enhancer is strongly impaired. There is a severalfold reduction in the levels of reporter gene expression driven by the mutant vn enhancer as compared with the wild-type enhancer in transgenic embryos (Figure 1B , compare with Figure 1A) ; lateral stripes are observed only after prolonged enzymatic staining. Previous studies have shown that the order of binding sites may be important for short-range repression in vivo [19, 20] , and that orientation is essential for the activities of enhanceosomes in cultured cells [21] [22] [23] . The arrangement of REL and GATA sites has recently been shown to be important for the activation of immunity genes in the Drosophila fat body [24] . The current analysis of the vn enhancer provides evidence that the orientation of linked activators is also essential for proper gene expression in the Drosophila embryo.
Quantitative Measurements of the Dl, Twi, and Sna Gradients Site-occupancy models were used to predict vNE activity in early embryos (see below). These modeling efforts required detailed measurements of the relative concentrations of the Dl, Twi, and Sna protein gradients along the dorsal-ventral (DV) axis of precellular embryos. Particular efforts were focused on a specific time point, early to mid-nuclear cleavage cycle 14, when vNE enhancers first direct discrete lateral stripes of gene expression in ventral regions of the future neurogenic ectoderm.
Quantitative confocal imaging was done with fixed embryos stained with antibodies directed against Dl, Twi, and Sna. All three proteins were simultaneously visualized in individual embryos in order to obtain accurate measurements of their relative concentrations (Figures 2A and 2C ; Figure S3 ). The Sna repressor displays a steep distribution profile, with an abrupt decline over a span of just two nuclei (Figures 2A and 2C ) at the future boundary between the mesoderm and mesectoderm (the ventral-most row of cells in the neurogenic ectoderm). There is also a reversal in the relative levels of Dl and Twi at this boundary: There are higher relative concentrations of Twi than Dl in ventral nuclei, but higher relative levels of Dl than Twi in lateral nuclei ( Figure 2C ). The steeper Twi gradient appears to be more critical for setting the limits of vNE gene expression than the gradual Dl gradient (see Supplemental Data).
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In situ hybridization assays were done by fluorescent RNA detection [25] [26] [27] to visualize the vn, rho, and vnd expression patterns ( Figure 2B ). Individual embryos were hybridized with all three probes, which were simultaneously visualized along with DV positional markers (see Supplemental Experimental Procedures). Most of our computational simulations focused on the rho and vnd genes, because they display consistent and reproducible differences in expression (e.g., Figure 2D ). In addition, in transgenic embryos the minimal rho and vnd enhancers direct lacZ reporter gene expression profiles that accurately recapitulate the expression profiles of the endogenous genes (see Figure S3 ). Position effects were minimized by the use of gypsy insulator DNAs within the P element transformation vector (see Supplemental Experimental Procedures). The only significant difference between the endogenous and transgenic patterns is higher baseline expression of the lacZ reporter gene in the mesoderm, as predicted by the quantitative modeling ( Figures 2D-2F , Figure S3 ; see below).
Intronic probes were also used to assess the rho and vnd expression profiles (Figures S3A and S3B) because there is the possibility that mRNAs can diffuse across the syncytial embryo. Although not quantitative, intronic probes detect nascent intranuclear transcripts corresponding to sites of de novo transcription. The reproducible differences in the rho and vnd patterns are detected for reporter gene expression with probes against the vNE-lacZ fusion genes, as well as for endogenous expression with exonic and intronic probes ( Figure 2D and Figure S3C ). In every case, the vnd pattern is narrower than rho and shifted ventrally by one nucleus, where there is weak and transient expression of the Sna repressor ( Figures 2C and 2D and Figure S3C ). In contrast, rho is excluded from this nucleus, but the staining pattern extends at least two nuclei beyond the dorsal limit of the vnd pattern.
Quantitative Site-Occupancy Models Can Explain Distinct vNE Patterns
Site-occupancy models were used to predict the vNE expression profiles at the midpoint of nuclear cleavage cycle 14. Particular efforts focused on the fractional occupancy of the Dl, Twi, and Sna binding sites contained within the DTS elements of the rho and vnd enhancers.
Given the relative distributions of the Dl, Twi, and Sna concentration gradients along the DV axis of the precellular embryo, a DTS element containing one Dl site with a binding constant K Dl and one Twist/Snail site with binding constants K Twi and K Sna has the following probability p of achieving a successful transcriptional state:
C refers to cooperative interactions between transcription factors (see Supplemental equations S8-S10 for a detailed description). Previous studies have shown that Dl can cooperatively interact with Daughterless (Da), a ubiquitous bHLH protein that forms heterodimers with Twi [28, 29] . 
In vitro DNA binding assays suggest that the Dl, Twi, and Sna proteins bind to average recognition sequences at protein concentrations in the nanomolar range (K d w 10 29 M) ( [18, [29] [30] [31] and data not shown). Computer simulations reflecting these approximate binding affinities were applied to the occupancy of individual sites in the vNE enhancers. These simulations also employed the experimentally determined distribution profiles of the Dl, Twi, and Sna proteins (Figure 2A ). The predicted rho and vnd transcription profiles match the measured staining patterns only when Dl-Twi, Twi-Twi, and SnaSna cooperative DNA binding interactions are incorporated into the quantitative models ( Figures 2E and 2F and Figure S6 , equation S10).
Because there may be discrepancies between the in vitro DNA binding constants and actual in vivo affinities, modeling solutions were obtained for a spectrum of affinity values [log(Ka) = 8.5-9.75, see Table S2 ]. The results consistently identify cooperative DNA binding interactions as a crucial factor for the observed vNE expression patterns [log(C) > 0, see Table S2 ]. A key underlying assumption is that the Dl, Twi, and Sna proteins bind to the rho and vnd enhancers with similar affinities, regardless of the absolute binding constants.
Indeed, the overall quality of the Dl, Twi, and Sna binding sites is very similar in the vnd and rho enhancers (see Table S1 , Figures S7A-S7C ) [7] . A number of computer true when different numbers of binding sites (or DTS modules) are used in the simulations (Figures S5C and  S5D ). The vnd enhancer has two DTS elements rather than one, and contains an overall larger number of Dl, Twi, and Sna sites than the rho enhancer (Table S1, Figure S7 ). Nonetheless, computer simulations indicate that these differences alone are not sufficient to account for the distinctive rho and vnd expression profiles (Figures S5C and S5D ). Accurate predictions ( Figure 2G ) are obtained only when cooperativity is invoked. Cooperativity is not only required to recapitulate the known vnd and rho expression patterns, but it is also needed to explain why the two patterns are slightly different from one another (Figure 3) .
The computer simulations that best fit the measured expression profiles of vnd and rho depend on the following parameters (summarized in Figure 3 , see parameter values in Table S2 ). First, the rho models require 5-10-fold-higher Dl-Twi cooperativity than vnd, as well as higher Twi-Twi cooperativity. Second, the vnd models require more DTS modules than rho. Third, the vnd models require higher Sna-Sna cooperativity.
Enhanced Dl-Twi cooperativity is the most important determinant for the shift in the dorsal border of the rho expression pattern, as compared with the vnd pattern ( Figure 3A) . Twi-Twi cooperativity largely influences the shape of the dorsal border ( Figure 3B ). Computer simulations suggest that the ventral shift in the vnd expression pattern, as compared with the rho pattern, is best explained by an increase in the number of DTS elements ( Figure 3C) . However, this increase should produce a general boost in the ''baseline'' expression of vnd in the ventral mesoderm. In principle, Sna-Sna cooperativity would diminish such expression ( Figure 3D ).
In the preceding discussion, we have emphasized classical protein-protein cooperative DNA binding interactions. However, it is conceivable that the cooperativity could be indirect. Perhaps transcriptional synergy depends on the recruitment of coactivator complexes such as the mediator complex. Certain arrangements of binding sites, such as linked Dl and Twi sites, might lead to more efficient recruitment of coactivator complexes than other arrangements.
Distinct Dl, Twi, and Sna Linkages in the rho and vnd Enhancers The different cooperativity estimates provided by the computer simulations might be explained by the detailed arrangement of binding sites in the rho and vnd enhancers (see Figure 4 , Table S1 , and Figures S2 and  S7 ). Transcription factor cooperativity, which is crucial for embryonic development [32] , has been shown to depend on spacing of binding sites, where closely linked and helically phased sites can provide higher cooperative interactions (e.g., [33, 34] ). Orthologous enhancer sequences were identified in seven divergent drosophilids. The conservation of Dl, Twi, and Sna binding sites was examined in all 14 putative enhancers, as Shown are conserved structural differences between the rho (A) and vnd (B) DTS modules in seven drosophilids. The rho enhancer contains a single tightly spaced DTS element with an additional E box nearby, presumably fostering high Dl-Twi and Twi-Twi cooperative interactions. The vnd enhancer contains two more loosely spaced DTS elements. Binding motifs are indicated by color (Dl, red; Sna, blue; optimal Twi, dark green; and potential Twi E-box, light green).
were the distances separating neighboring sites. Formal alignments are shown in supplementary Table S1 .
The Dl and Twi sites are separated by 3-7 bp in the seven rho enhancers, but vary in distance between 10 and 13 bp and more than 20 bp for each of the two DTS modules in the orthologous vnd enhancers (Figure 4, Figures S2B and S7G , and Table S1 ). Closer linkage might foster stronger cooperative Dl-Twi proteinprotein interactions in the rho enhancer.
The stronger Twi-Twi cooperativity predicted for the rho enhancer correlates with the conserved linkage of a second Twi site located just 4 bp 5 0 of the DTS Twist site (Figure 4 and Figure S2B ). In contrast, there is weak and variable linkage (20 bp or more) between a suboptimal Twist site (CAGATG) and a DTS Twist site in the vnd enhancer among divergent drosophilids ( Figures 1D and 4 and Table S1 ).
The orthologous vnd enhancers contain two DTS modules, whereas the rho enhancers contain just one (see Figures S2 and S6 and Table S1 ). Computer simulations predict that this results in a shift in the ventral limit of the vnd pattern as compared with rho. The presence of two DTS modules is also predicted to augment ectopic expression in the ventral mesoderm. However, Sna-Sna cooperative DNA binding interactions could diminish this expression [log(C) 0.7 versus 0.2, see Table  S2 ]. Stronger Sna-Sna cooperativity for vnd versus rho might be explained by the distinct arrangements of Sna sites in the two enhancers. Many of the sites in the vnd enhancer exhibit 11 bp spacing ( Figures S7J  and S7K) , and helical phasing has been shown to foster cooperative binding [e.g., 22]. In contrast, the rho enhancers display apparently nonperiodic arrangements of Sna sites ( Figures S7H and S7I) .
The precision of the expression patterns produced by the rho and vnd enhancers suggest that there might be a strict ''code'' relating the primary DNA sequence to predicted patterns of gene expression. However, different strategies may be used to produce similar vNE expression patterns. For example, the brinker (brk) gene encodes a transcriptional repressor that restricts dpp expression to the dorsal ectoderm. brk is initially expressed within the vNE, but the pattern expands throughout the neurogenic ectoderm during development. The brk enhancer does not contain compact DTS modules like those seen in the rho and vnd enhancers. Thus, Dl-Twi cooperativity does not appear to be a likely basis for the expression pattern. Perhaps an unknown, ubiquitous activator fosters cooperative occupancy of Dl, Twi, or other critical binding sites in the brk enhancer.
Experimental Tests of Computational Predictions
A critical test of the fractional-occupancy model is to predict gene-expression changes caused by selective Table S2 , top row; the vnd models adequately predict changes of expression upon lowering the affinity for Twist. Expression (D) and model data (E) were normalized to 1 to allow comparison. Without normalization, the models predict lower expression levels for the mutants as compared to wild-type expression, which agrees with enzymatic staining for expression in embryos (A-C) for equivalent times (not shown).
point mutations in individual binding sites. The vnd enhancer was analyzed because it is inherently more robust than the rho or vn enhancers; vnd expression is not predicted to depend on Dl-Twi cooperative binding to the same extent as rho and vn. Instead, vnd contains more Dl and Twi sites with less stringent linkage. As a result, mutations in binding sites should lead to relatively subtle disruptions in vnd expression as compared with vn or rho. Simply rotating the Twi/Sna site in the vn DTS caused a catastrophic reduction in activity (see Figures 1A-1C) , presumably as a result of strong Dl-Twi cooperativity.
Computer simulations predict that nucleotide substitutions causing a reduction or loss of the Twi binding sites in the vnd DTS elements should cause a progressive narrowing in the expression driven by the modified enhancers ( Figure 5E ). This was tested by creating point mutations in the Twi sites ( Figure 5F ). In one set of mutations, the core CA residues in the optimal Twi binding sites (caCAtgt) were converted into AT residues, thereby reducing the quality of the sites. Fractional-occupancy simulations predict a w30% narrowing in the vnd expression pattern ( Figure 5E ). Normally, the lateral stripes of vnd expression encompass an average of six cells ( Figure 5A ). Lowering the Twi binding affinities is predicted to reduce these stripes to an average of four cells ( Figure 5E ). This is exactly what is observed when the mutagenized vnd enhancer is attached to a lacZ reporter gene and expressed in transgenic embryos (Figures 5B and 5D ; compare with Figure 5A) .
Additionally, the Twi binding sites in the DTS elements were completely eliminated by base substitutions. Activation of the mutagenized enhancer now relies on ''cryptic'' weak Twi sites, including a CAGATG motif located between the two DTS elements. Computer simulations predict a severe narrowing in the expression pattern produced by the mutagenized enhancer, just two cells in width rather than six ( Figure 5E ). Again, this is exactly what is observed when the mutagenized enhancer is expressed in transgenic embryos (Figures 5C and 5D ; compare with Figure 5A ).
There are several potential rate-limiting steps governing de novo transcription in vivo, including enhancer occupancy, enhancer-promoter communication, and chromatin modifications (see also Supplemental Data) [35] [36] [37] [38] . The concordance of the computer simulations and in vivo expression patterns suggests that enhancer occupancy is the key rate-limiting step, at least during the initial phases of cell-fate specification in the early Drosophila embryo. The primary DNA sequences of vNE enhancers control lateral stripes of gene expression with high precision-the exact orientation, arrangement, and linkage of binding sites control nuances of the final expression patterns. It is conceivable that other transcriptional control mechanisms, particularly chromatin remodeling and histone modification, become rate limiting at later stages of development when transient regulators such as Dl are no longer present.
Experimental Procedures
Motifs and Sequence Analysis Full annotations of binding motifs and Dorsal target enhancer sequences are available online (http://www.dvex.org). See also the Supplemental Data for more information.
Expression Data
Embryo fixation, in situ hybridizations, and antibody stainings were performed as previously described (see Supplemental Data). Transcription factor gradients were detected with preabsorbed antibodies. RNA in situ hybridization was done with DIG-and DNPlabeled probes and with primary and secondary antibodies (see Supplemental Data). RNA transcripts were always detected in combination with rho mRNA and Snail protein as DV positional markers. Confocal stacks of 12-to 17-cell-wide mid-trunk sections of properly oriented early to mid-nuclear cleavage cycle 14 embryos were acquired on a Leica LS confocal microscope with fixed settings (see Supplemental Data for details); gain was adjusted to remain well below signal saturation. Sum projections of confocal stacks were assembled and protein/RNA concentration along the DV axis was measured with the ImageJ software (see Supplemental Data for details). Datasets were averaged across embryos and normalized as described in the Supplemental Data. Distribution data and sample pictures are available (http://www.dvex.org).
Mutagenesis
The 497 bp vn [16, 17] and the 743 bp vnd enhancers [11] were mutated via site-directed mutagenesis with the primers below; results were consistent across multiple lines (see Supplemental Data for details). 
